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In-situ thermal upgrading is used to tune the pore system in low-maturity oil shales. We introduce
fractal dimension (D), form factor (ff) and stochastic entropy (H) to quantify the heating-induced evo-
lution of pore morphological complexity and azimuthal disorder and develop a model to estimate the
impact on seepage capacity via permeability. Experiments are conducted under recreated in-situ tem-
peratures and consider anisotropic properties eboth parallel and perpendicular to bedding. Results
indicate that azimuthal distribution of pores in the bedding-parallel direction are dispersed, while those
in the bedding-perpendicular direction are concentrated. D values indicate that higher temperatures
reduce the uniformity of the pore size distribution (PSD) in the bedding-parallel direction but narrow the
PSD in the bedding-perpendicular direction. The greater ff (> 0.7) values in the bedding-parallel direction
account for a large proportion, while the dominated in the bedding-perpendicular direction locates
within 0.2e0.7, for all temperatures. The H value of the bedding-parallel sample remains stable at ~0.925
during heating, but gradually increases from 0.808 at 25 �C to 0.879 at 500 �C for the bedding-
perpendicular sample. Congruent with a mechanistic model, the permeability at 500 �C is elevated
~1.83 times (bedding-parallel) and ~6.08 times (bedding-perpendicular) relative to that at 25 �C
econfirming the effectiveness of thermal treatment in potentially enhancing production from low-
maturity oil shales.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The increasing energy demand and the resulting energy supply
concerns become an important item on the agenda all over the
world, which has deeply stimulated the commercial development
of unconventional energy resources, as shale oil is one of such (Xu
et al., 2022; Drouven et al., 2023; Lin et al., 2023;Wang et al., 2023a,
b). The shale oil actually is the product of the thermal reaction and
decomposition of kerogen present in oil shales (Han et al., 2015;
Feng et al., 2020; Dang et al., 2022; Gou and Xu, 2023), containing
far-reaching potential to increase the global oil supply for its huge
reserve eas much as 6902 � 108 t (shale oil-equivalent reserves)e
y Elsevier B.V. on behalf of KeAi Co
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roughly three times the world's conventional crude oil reserve
(Zhou et al., 2018). Although the shale oil exploitation has achieved
sound performances, for example, it is aidant for American to
become a net oil exporter (Vatter et al., 2022), the successful and
effective extraction of shale oil is not easy, subjected to the
complicated reservoir properties like pretty tight and high anisot-
ropy (He et al., 2022; Syed et al., 2022; Bahadur et al., 2023; Bolotov
et al., 2023; Wang et al., 2023a, b). In particular, the oil recovery
from low-maturity oil shale keeps grand challenging because the
oil there is not directly extractable, and thus additional techniques
are required to make it producible (Feng et al., 2020; Yan et al.,
2023).

Recent years, the heat treatment, aiming to ensure thermal
upgrading, is placed great expectations, and is essentially a process
that drives the in-situ pyrolysis of organic matter in low-maturity
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stage (Luo et al., 2021; Wang et al., 2021; Zhao et al., 2022; Zhang
et al., 2023). Therein, once the heating is imposed, the inner pore
system inevitably varies and this alteration is of significance,
because it usually determines the storage capacity and seepage
behavior of restoring oil (Wang et al., 2019; Li et al., 2020; Lei et al.,
2021; Dang et al., 2022). Therefore, much attention has been
devoted to the pore-related issue during in-situ upgrading of low-
maturity oil shale. For instance, the pore structure evolution in oil
shale (Liushuhe Basin, NE China) was investigated at variable high
temperature treatments bymercury injection approach (Yang et al.,
2016). And the heating-induced evolution of pore space in Permian
oil shale from the Raniganj Basin (Eastern India) received a
comprehensive description via joint methodologies, including FE-
SEM, small-angle scattering, and CO2eN2 sorption (Chandra et al.,
2023). In fact, there are many other similar attempts trying to
emphasize the heating-induced alteration of pores in oil shale (Bai
et al., 2017; Zhu et al., 2018; Huang et al., 2021; He et al., 2022; Wei
and Sheng, 2022; Luo et al., 2023). Basically, current investigations
on heating-induced pore variation are of guidance for the devel-
opment of low-maturity oil shale to some degree.

However, that is not enough, at least supported by the limited
commercial and effective oil extraction from low-maturity shale,
which is, in fact, still awaiting more breakthroughs. As for the
previous investigations on pore space variation by heating opera-
tion, they usually made the measurement when the oil shale
sample is cooled from a certain elevated temperature (Bai et al.,
2017; Huang et al., 2021; Chandra et al., 2023; Luo et al., 2023). In
other words, sparing achievements are conducted by a federated
scenario that the in-situ quantitative characterization of pore space
alteration concurrently runs with the sustained heating on low-
maturity oil shale. Therefore, this pore alteration issue still needs
more responsible investigations like the real heating-induced
variation of pore morphology and the resulting permeability
change, which is of significance and thus drives this work to be
arranged.

In this work, the real-time characterization of pore system is
organized in the circumstance of elevated temperature enveloping
the low-maturity oil shale, conducted by FE-SEM on a constant
region during the gradual increase in temperature (up to 500 �C).
Then SEM captures are digitized and translated into readable cross-
sectional pore area (S), pore perimeter (C), and pore orientation (q),
depending on a machine learning method. Accordingly, the fractal
dimension (D), the form factor (ff), and the stochastic entropy (H)
are calculated, ensuring the quantitative and robust description on
the morphology complexity and azimuth disorder of the evolving
pore space in low-maturity oil shale by thermal upgrading.
Simultaneously, their anisotropic characteristics are also involved,
which is an intrinsic property of shale rock, but also is an easily
overlooked point in previous heating-related pore studies. Besides,
an estimation model of permeability is developed to assess the
variation of seepage behavior ethe inevitable consequence of pore
space changese for further investigating the evolving pore system
during in-situ pyrolysis. Hopefully, this novel study brings a fresh
perspective in in-situ alteration of pore space and seepage capacity
when heating-up is applied to low-maturity oil shale.

2. Materials and methodology

2.1. Sample collection and preparation

The oil shale samples used in this work, with a buried depth of
~1080 m, are collected from the Songliao Basin, NE China (Fig. 1(a)).
This shale core is from the Upper Cretaceous Qingshankou For-
mation that is recognized not just as a major source for conven-
tional oil and gas, but also as a primary stratum for shale oil in the
2

Songliao Basin (Jin et al., 2021; Lin et al., 2021; Wang et al., 2022).
The shale sample herein presents a vitrinite reflectance of 0.92%
(low-maturity) and a total organic carbon content of 4.4%. The
collected core was cut and polished for the SEM observation, where
the bedding-parallel and bedding-perpendicular samples are
labeled as SH and SV, respectively, for the anisotropic investigation
(Fig. 1(b)). The prepared samples have a length of ~4 mm, awidth of
~3 mm, and a thickness of ~0.5 mm.

2.2. SEM image capture and digitization

This work presents the details of SEM setup for capturing rea-
time images and the related heating operation, and also ex-
presses the basis logic for obtaining quantitative parameters from
SEM images.

2.2.1. SEM image acquisition
The appearance of FE-SEM apparatus is exhibited in Fig. 2(a),

where the SEM chamber is connected to an external water chiller
for facilitating water circulation to control temperature during
heating operation (Fig. 2(b)). Fig. 2(c) exhibits the interior scene of
this apparatus, immersed in a high vacuum environment (i.e.,
3 � 10�3 Pa) when SEM works. The temperature control wire is
used to pass the temperature setting order, while the heat shield is
set for keeping the fugitive emissions (electrons) off the detector
and thus is helpful to improve the SEM imaging quality at elevated
temperatures (Fig. 2(c)). The silicon heating substrate is responsible
for heating the oil shale sample fastened by the screw/press clamp
(Fig. 2(d)). Besides, a quality temperature sensor is mounted below
the heating substrate to display the real-time temperature on the
sample (Fig. 2(e)).

In this work, the working temperature begins from 25 �C, and
then gradually increases to 100, 200, 300, 400, and 500 �C in
sequence, with a rise rate of 5 �C/min for preventing the shale pore
system from suffering any thermal shock (Fig. 3(a)). According to
the previous experiences (Zhao et al., 2012; Luo et al., 2023; Liu
et al., 2024), the exposure time of 2 h is set at each observation
temperature to accommodate sufficient pyrolysis of the organic
matter, followed by SEM capturing of the fixed view region. The
selected fixed view for the bedding-parallel sample SH is presented
in Fig. 3(b) with an area of ~1206 mm2, while that for the bedding-
perpendicular sample SV is measured as ~1732 mm2 (Fig. 3(c)).

2.2.2. Quantitative parameter acquisition
The image processing with ImageJ from an SEM capture to

quantitative parameters is roughly outlined in Fig. 4(a). The pixel-
based machine learning is conducted using a trainable Weka seg-
mentation plugin, learning what is pore and then discerning pore
space from the acquired SEM scene. In this way, the pore infor-
mation is calibrated and acquired, and more trainings are required
if the former pore space recognition is dissatisfied, before the final
pore system confirmation. Accordingly, the automatic measure-
ment works, and the parameters are recorded, including pore area
(S), pore perimeter (C), and pore orientation (q). The detailed
principle of machine learning using ImageJ can be reached in some
previous works, like Arganda-Carreras et al. (2017), Lormand et al.
(2018), and Thilagashanthi et al. (2021). By machine learning, the
operation from the visual SEM capture to the digitized pore infor-
mation is achieved ea digitization process in fact (Fig. 4(b)). As for
the acquired parameters, C is defined as the summation length of
boundary pixels, and S is determined by the pixel number in an
enclosed pore (Fig. 4(c)). Simply, q is treated as the rotation angle in
clockwise for a certain pore to obtain its maximum Feret diameter
which is interpreted in Sezer et al. (2008) and Liu et al. (2011), and it
varies between 0� and 180�.



Fig. 1. Oil shale core involved in this work. (a) Core disc sample; (b) Preparation for FE-SEM.

Fig. 2. FE-SEM setup with in-situ heated substrate. (a, b) Setup appearance; (c)e(e) Interior structure.
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2.3. Theoretical support for quantitative data processing

On the basis of the acquired cross-sectional pore area (S), pore
perimeter (C), and pore orientation (q), the theoretical foundations
for deriving fractal dimension (D) and form factor (ff) efor
measuring pore morphology complexity, and stochastic entropy
(H) efor evaluating pore azimuth disorder, are introduced; mean-
while, their significance in defining the pore space is also pre-
sented. We present the theoretical underpinnings of D, ff, and H in
the following.
3

2.3.1. Fractal dimension (D)
Fractal dimension (D) presents a quantitative index for evalu-

ating the uniformity of the pore size distribution (PSD) in porous
rocks and is a relative mature approach (Dathe and Thullner, 2005;
Yao et al., 2008; Liu et al., 2018; Wu et al., 2022). A variety of
methodologies enable pore fractal property, such as low-field NMR
approach (Zheng et al., 2018), low-temperature N2 adsorption (Liu
et al., 2018) and mercury intrusion porosimetry (Su et al., 2018),
accompanied by corresponding theory foundation and calculation
methods. In this work, the pore area (S) and pore perimeter (C)



Fig. 3. Locations for temperature measurement and FE-SEM observation section. (a) Heating schedule; (b, c) Selected viewing/imaging windows for samples SH and SV,
respectively.
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originated from machine learning on SEM image, are applied for
the acquisition of D values. For the pore system, D gives the rate of C
change in response to the S change and the relationship among S, C,
and D values follows this expression (Liu et al., 2011; Qi et al., 2014),

logC ¼ D
2
logSþ c1 (1)

where a linear correlation goes to the logCelogS plot on a logelog
coordinates, in which the slope of this fitted line is D/2 and c1 is the
intercept (a constant). The D value varies in 1e2, and a greater D
indicates a worse uniformity of the pore size distribution as well as
a more complex pore microstructure.
2.3.2. Form factor (ff)
Form factor (ff) offers the description on the shape of pore fea-

tures and reflects the rough edges of pore voids exhibited by the
SEM image (Soroushian and Elzafraney, 2005; Cox and Budhu,
2008). It usually defined as

ff ¼ 4pS
C2 (2)

where ff value is maximum at 1.0 for circles and 0.785 for squares,
and a smaller ff value indicates a greater complexity of pore
boundary, while it symbolizes an increasingly elongated shape as
this value approaches 0.0.

By substituting Eq. (2) into Eq. (1), the expression is

logff ¼ ð1� DÞlogS� 2c1 þ log4p (3)

Then, this equation is converted as

ff ¼ 4p� 10�2c1 � S1�D (4)

Simply,

ff ¼ aS1�D (5)

where a equals 4p� 10�2c1 . By this way, the relationship between
4

form factor (ff) and fractal dimension (D) is built, that is, the D value
indicates the ff variation along with the change of pore area (S),
which follows a power function relationship.

2.3.3. Stochastic entropy (H)
Stochastic entropy (H) is a mathematical concept of probability

and is a measure of the disorder, randomness, or uncertainty of a
system. It serves far-ranging applications, such as in chemistry,
economics and physics (Wehrl, 1978; Tietz et al., 2006). In geology
field, stochastic entropy appears in a few works with respect to the
investigations on soil and loess (Shi et al., 1996; Caniego et al.,
2000; Wu et al., 2016; Liu et al., 2021), where the microstructure
was evaluated with H values. In this work, the stochastic entropy is
introduced as a measure of the pore directivity to characterize the
disorder of azimuthal orientations of pore space in low-maturity oil
shale, in a quantitative manner. Referring to the previous (Shi et al.,
1996; Caniego et al., 2000), H is defined as

H¼ �
Xn

i¼1
Pi lognPi (6)

where Pi indicates the percentage of pores in a particular azimuthal
orientation. This work sets i ¼ 1 to represent the 0�e10� orienta-
tion, then thewhole azimuths (0�e180�) are equally divided into 18
segments, that is, n ¼ 18 in this work. Basically, H value has a range
from 0 to 1, and H ¼ 0 means that all pores distribute in the same
direction, while a greater H signals a stronger disorder in pore
orientations, until H ¼ 1 ea totally stochastic distribution.

3. Results

Based on the SEM captures during heating, the variations of
cross-sectional pore area (S), pore perimeter (C), and pore orien-
tation (q), as well as their anisotropic characteristics, along with the
gradual rise of temperature are introduced.

3.1. Pore area (S)

As exhibited in Fig. 5, compared with the bedding-parallel
sample SH, the bedding-perpendicular sample SV contains more



Fig. 4. Process of quantitative parameter acquisition. (a) Sketch for operation using trainable Weka segmentation; (b) Approximate description of the SEM image input and pore
space extraction; (c) Schematic diagram defining pore parameters.

Fig. 5. Evolution of pore quantity and cross-sectional pore area with increased tem-
perature. Dashed and solid lines represent samples SV and SH, respectively.
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pores, greater cross-section pore area and superior 2D porosity at
each temperature point, indicating the anisotropic property in pore
structure. This phenomenon meets the previous works (Zhou et al.,
2021, 2022). The anisotropy is also reflected in the different growth
5

amplitude during heating operation. The sample SV experienced a
greater increase amplitude in pore quantity, cross-section pore area
and 2D porosity than the sample SH. For example, the total pore
area becomes 31.18 mm2 at 500 �C from 18.62 mm2 at 25 �C for
sample SH, while that increases to 94.26 mm2 at 500 �C from
25.38 mm2 at 25 �C for sample SV.

Basically, the pore quantity, pore area, and 2D porosity have an
overall tendency to get greater along with rising temperature, but
this growth tendency softly differs between samples SH and SV. As
for the sample SH, this growth tends to be monotonical, and these
statistical results from machine learning in Fig. 5 are directly
revealed by the SEM exhibitions (Fig. 6) emore pores is generated
at higher temperature, while, with respect to the sample SV, the
growth trend fluctuates slightly. The heating operation for sample
SV enables the general increase in pore quantity, indicated by the
pore system comparison at variable temperature (Fig. 7), where,
however, a mild decrease exists from 300 to 400 �C, resulted from
some original unconnected pores get connected at higher tem-
perature (illustrated by the area A in Fig. 7). Combining SEM
observation with reasoning, this work suggests three principal
factors influencing pore system during in-situ thermal upgrading of
low-maturity oil shale, that is, (1) the organic matter pyrolysis



Fig. 6. SEM images during heating, showing pore system variation for sample SH. This representative region is shown as the rectangle in Fig. 3(b).

Fig. 7. SEM images at different temperatures for sample SV. This representative region is defined as the rectangle in Fig. 3(c).
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develops new pore space and (2) heating-induced dehydration
during illitization of clayminerals (He et al., 2022) shrinks the shale
matrix, which enlarge the pore quantity and cross-sectional area,
6

and (3) thermal expansion of shale matrix stimulated by elevated
temperature ecompressing pore space. However, the specific
mechanism controlling the heating-induced variation of pore



J. Liu, Y.-B. Yao and D. Elsworth Petroleum Science xxx (xxxx) xxx
system in low-maturity oil shale needs more specialized
investigations.

3.2. Pore perimeter (C)

Increasing temperature ensures more pore quantity (Fig. 5) and
thus enables the total pore perimeter to be enhanced (Fig. 8).
Comparatively, the bedding-perpendicular sample SV has a supe-
rior total pore perimeter at each temperature point, accompanied
with a greater increase amplitude at elevated temperature, than the
bedding-parallel sample SH, indicating the existence of anisotropic
phenomenon. The total perimeter is 247.87 mm at 25 �C and in-
creases to 350 mm at 500 �C for sample SH (Fig. 8(a)), while it varies
from 421.29 mm at 25 �C to 1550 mm at 500 �C for sample SV
(Fig. 8(b)). The statistical chart in Fig. 8(a) indicates the newly-
formed pores at elevated temperature tends to hold smaller
perimeter than the original pores in sample SH, revealed by the
narrower range for 10%e90% statistics, associated with an overall
decrease of average and median values. This phenomenon suggests
the newly-formed pores in the bedding-parallel direction seem to
be smaller than the original ones, partly shown in Fig. 6. In addition,
the statistics indicates the newly-formed pores in the bedding-
perpendicular direction have a similar but fluctuant pore perim-
eter with the original ones for sample SV, illustrated by the 10%e
90% statistics (Fig. 8(b)). Moreover, the connection of pores those
are unconnected originally during heating, like the area A in Fig. 7,
might be one reason for the fluctuant variation of pore perimeter.

3.3. Pore orientation (q)

The orientation of pores in this work is not the geographic di-
rection but a relative azimuth, in which the 90� for pores in sample
SH is the direction towards the shale core center, while that in
sample SV is the direction upwards and perpendicular to shale
bedding. With respect to sample SH, the pore azimuths at each
temperature condition show a multi-peak distribution, and the
peaks differ at different temperature (Fig. 9(a)). For example, the
pore azimuths peak at segments 2, 4, 7, 9, 11, 13, and 17 at 25 �C,
while those peak at segments 3, 5, 7, 9, 12, and 17 at 300 �C. This
issue suggests the dominated azimuths of pores vary because of
heating operation in the bedding-parallel direction. However, an
overall trend exists that the general orientation of newly-formed
locates (but not strictly) within the orientation of original pores,
revealed by that the pore azimuths stay low at segments 1, 10, and
18 for all heating conditions. By comparison, the pore azimuths in
Fig. 8. Pore perimeter variation during heating
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sample SV are straightforward, i.e, all operation conditions enable a
similar distribution which peaks at segments 2, 13, 16, and 17,
indicating the heating sparingly disturbs the pore azimuths
(Fig. 9(a)). In other words, the orientation of newly-formed pores
largely follows that of original ones during thermal upgrading of
low-maturity oil shale in the bedding-perpendicular direction. The
difference of variation tendency regarding pore azimuths in sam-
ples SH and SV suggests the anisotropic evolution of pore orien-
tation in the bedding-parallel and bedding-perpendicular
directions.

4. Discussion

According to the measured results, the values of fractal dimen-
sion (D) and form factor (ff) are calculated per Eqs. (1)e(5) for
quantifying the pore morphology, while the values of stochastic
entropy (H) from Eq. (6) are obtained to assess the pore azimuth
disorder. Furthermore, this work develops amathematical model of
permeability and accordingly investigates the heating-induced
variation on seepage capacity of low-maturity oil shale.

4.1. Complexity evolution of pore morphology

Based on the measurements of cross-sectional pore area (S) and
pore perimeter (C), the logSelogC plots for samples SH and SV
under different temperatures are made (Fig. 10), where the linear
correlations between logS and logC are strong eall R2 values are
greater than 0.93. Accordingly, based on Eq. (1), the D values are
calculated and plotted in Fig. 11. For two samples, the D value varies
at different temperatures, indicating the uniformity of pore
microstructure changes under elevated temperature. At 25 �C, the
initial D of sample SH (D ¼ 1.4172) is greater than that of sample SV
(D ¼ 1.3454), suggesting a relatively worse uniformity of the orig-
inal pore size distribution (before heating) in the bedding-parallel
direction than in the bedding-perpendicular direction; however,
this law experiences a reversal during heating operation eelevated
temperature enables the D values of sample SH to become inferior
relative to that of sample SV (Fig. 11). Meanwhile, the D variation
tendency differs for two samples, where the D value tends to
decrease at < 400 �C and then increase at > 400 �C for sample SH,
while that increases first (< 400 �C), and then decreases (> 400 �C)
for sample SV. This suggests the overall pore complexity has an
opposite change law in the bedding-parallel and bedding-
perpendicular directions. This phenomenon is treated as a
newfound information and its specific mechanism requires more
operation. (a) Sample SH; (b) Sample SV.



Fig. 9. Pore orientation at different azimuthal intervals at various temperatures. (a) Sample SH; (b) Sample SV.
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attentions and detailed investigations.
Per Eq. (2), the form factor (ff) for each individual pore is ob-

tained, and the statistics of all ff values are displayed in Fig. 12. As
for the sample SH, Fig. 12(a) indicates that the percentage of
different ff values differs, and there is an overall trend (but not
strict) that greater ff values seem to be predominant. By compari-
son, regarding the sample SV (Fig. 12(b)), the dominated ff values
locate within 0.2e0.7, which is suitable in all situations. Relatively,
the different distribution of ff values suggests an anisotropic
complexity of pore boundary, that is, the pores with stronger pore
complexity in the bedding-perpendicular direction have a greater
proportion than those in the bedding-parallel direction. In addition,
it seems that the elevated temperature tends not to exaggeratively
revise the original ff distribution at 25 �C, although slight fluctua-
tions exist in the heating-induced alteration of ff values. This rule is
appropriate for either sample, indicating that the newly-formed
pores in low-maturity oil shale during pyrolysis follow the gen-
eral complexity (ff value) of original pores (before heating).

Eq. (5) suggests a power-like function relationship between ff
and S values, and this is validated in Fig. 13 by taking the situations
of sample SH at 100 �C and sample SV at 300 �C as examples. In
Fig. 13(a), the index of the power function is �0.412 and approxi-
mates to 1e1.4056 (1.4056 is the D value of sample SH at 100 �C,
Fig. 11); and the similar cognition goes to Fig. 13(b) about the
sample SV at 300 �C, following Eq. (5). As a result, the D value
actually presents the ff value alteration when the S value increases.
In extreme case, when D ¼ 1, ff becomes a constant (4p� 10�2c1 )
8

based on Eq. (5), while the situation of D ¼ 2 enables the pore
boundaries to present a 2D feature, because of the same index for S
and C in Eq. (1) (logC ¼ logSþ c1). Fig. 13 also indicates that for
smaller pores (S < ~1 mm2), the decline rate of ff value rises with
smaller D value, along with the increase in S value, suggesting the
dramatic augment of pore boundary complexity in this process. On
the contrary, for bigger pores (S > ~1 mm2), when the S value in-
creases, the decline rate of ff value increases with greater D value.
This comparison indicates a different law for pores with diverse
size (demarcation size of ~1 mm2) with respect to the relations
among D, S, and ff values.
4.2. Response of pore azimuthal disorder

Depending on the pore orientation measurements (Fig. 9), the
stochastic entropy (H) is calculated per Eq. (6), with the intention of
determining the azimuth disorder of pores in low-maturity oil
shale and its variation under elevated temperature (Fig. 14). Basi-
cally, the sample SH exhibits greater H values than the sample SV at
all temperature settings, signaling a stronger disorder in pore ori-
entations in the bedding-parallel direction, compared to the
bedding-perpendicular direction. This phenomenon is in accord
with the relatively more centralized distribution of the pore
orientation in the sample SV, as shown by Fig. 9. With respect to the
sample SH, the heating operation seems to barely disrupt the H
values those are all around ~0.925 with a standard deviation of only
0.0096. Comparatively, for the sample SV, the H value is 0.808 at



Fig. 10. Variation in logS vs. logC defining fractal dimensions of pore structures in the low-maturity oil shale.

Fig. 11. Variation in fractal dimension (D) with temperature.
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25 �C, gradually increases with rising temperature, and finally gets
0.879 at 500 �C. In summary, in the bedding-parallel direction, the
stimulated pores during thermal upgrading follow the initial de-
gree of pore azimuth disorder before heating, and thus the pyrolysis
behavior scarcely enhances or dwindles the azimuth disorder of
9

pores. However, in the bedding-perpendicular direction, the
elevated temperature tends to boost the H value, and a higher
temperature usually corresponds to a greater H value, indicating
the stronger disorder of pore azimuth exists in the pores induced by
higher temperature than those provoked by relatively lower
temperature.

4.3. Seepage behavior of pore system

Seepage capacity influenced by heating is of significance for
low-maturity oil shale, since it is the key factor determining fluids
flow during/after in-situ thermal upgrading. This work firstly de-
velops an estimation model for the seepage capacity evaluation,
depending on the parameters acquired from SEM images, and then
accordingly displays the alteration of seepage capacity under
elevated temperature.

4.3.1. Calculation model development
In this work, the seepage capacity of the evolving pore space is

estimated by the permeability. On the basis of ErguneWu equation
(Wu et al., 2008), Wu et al. (2022) deduced the permeability (k) of
porous media,

k ¼ D2
Pf

3

72tð1� fÞ2
(7)



Fig. 12. Percentages representing form factors over different intervals under elevated temperatures. (a) Sample SH; (b) Sample SV.

Fig. 13. Relationship between form factor and pore area. (a) Sample SH; (b) Sample SV. Red lines are the fitted using a power function.
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where DP is the average diameter of capillaries; f is the porosity; t
is the tortuosity.

To acquire the permeability, this work bestows a small thickness
to the 2D SEM image and thus imagines it as a 3D cube, as exhibited
by Fig.15(a). By this way, a 2D pore cross-section is regarded as a 3D
column-like pore which has a t of 1 (Fig. 15(b)). Therein, each in-
dividual capillary is straight and thus has a t¼ 1. Besides, the DP has
a correlation with the average hydraulic radius (Rh) (Wu and Yu,
2007),

DP ¼ 6Rhð1� fÞ
f

(8)

where Rh is able to obtained by the area (S) and the perimeter (C) of
10
the pore ethe cross-sectional form of a certain irregular capillary,
that is,

Rh ¼
S
C

(9)

In addition, for an individual capillary, its porosity (f) is

f ¼ Si
Sw

� 100% (10)

where Si is the cross-sectional area of a certain pore in SEM image;
Sw is the whole area of the selected fixed view of SEM image.

With the insertion of Eqs. (8)e(10) into Eq. (7), for a certain pore



Fig. 14. Stochastic entropy at different pore azimuths and at different temperatures.

Fig. 15. Schematic diagram for imagining a 2D SEM image as a 3D form.

Fig. 16. Projected seepage capacity with temperature recovered from evolving pore
geometry.
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in SEM image, its individual seepage capacity (permeability ki)
yields

ki ¼
S5i

8S3wC
2
i

(12)

where Ci is the perimeter of a certain pore.
With respect to the seepage capacity of the SEM image, it

comprises the cumulative permeabilities of all pores within the
scope of SEM capture. So, the seepage capacity (K) of the whole
pores in the SEM image comes from

K ¼
XN

i¼1
ki ¼

XN

i¼1

S5i
8S3wC

2
i

(13)

where N is the detected pore number in the SEM image. The Sw
value for samples SH and SV is ~1206 and ~1732 mm2, respectively.

Per Eq. (13), the seepage capacity of an SEM image, represented
by the permeability, can be estimated by the area of the SEM fixed
view and the measured cross-sectional area and perimeter of in-
dividual pore. Accordingly, the calculated K values of the two
samples under all temperature settings are plotted in Fig. 16.
4.3.2. Heating-induced change in seepage capacity
Because of the relatively large pores (size of 1 mm or bigger) in

sample SH (Fig. 3(b)), the calculated K value is roughly two orders of
11
magnitude greater than that of sample SV at each temperature
point (Fig.16). The general trend is that higher temperature ensures
greater K value, i.e., a stronger seepage capacity, for either sample.
The K value is 1.708 � 10�10 mm2 for sample SH (0.440 � 10�12 mm2

for sample SV) at 25 �C (before heating), and it gets
3.128� 10�10 mm2 for sample SH (2.678� 10�12 mm2 for sample SV)
at 500 �C. In comparison, the K value at 500 �C is ~1.83 times and
~6.08 times greater than that at 25 �C for samples SH and SV,
respectively. This issue suggests the elevated temperature seems to
make a stronger improvement for the seepage capacity in the
bedding-perpendicular direction than in the bedding-parallel di-
rection. However, for two samples, the heating-induced K
enhancement is nonlinear but is fluctuant, that is, the 400 �C
downgrades the K value obtained at 300 �C for sample SH, while the
200 �C produces a decline of K value than 100 �C for sample SV. As
for this phenomenon, possibly, one reason is that some pores
(seepage channels) are compressed by the thermal expansion of
shale matrix; however, the detailed mechanism that causes the
evolution of seepage capacity of low-maturity oil shale under
heating requires more insightful works.
5. Conclusions

Two low-maturity oil shale samples are heated and simulta-
neously imaged by FE-SEM over a constant areal window. The ac-
quired SEM images are digitized by machine learning to obtain
fractal dimension, D, form factor, ff, and stochastic entropy, H, to
characterize and describe the evolving morphological complexity
and azimuthal disorder of the pore structure during thermal
upgrading. Furthermore, these observed changes in pore structure
are used to project anticipated seepage behavior through a pore-
scale capillary model. The main conclusions yielded are as follows.

Elevated temperature increases both the number of pores and
pore cross-sectional area (i.e., 2D porosity) of individual pores
ewith greater amplification in the bedding-perpendicular direction
relative to bedding-parallel. Comparatively, the heating-induced
pores in the bedding-parallel direction tend to be smaller than
the original pores. During thermal upgrading, the pore azimuths of
newly-formed pores overall follow that of the original pores (before
heating) with the PSD in the bedding-parallel direction more
dispersed than those in the bedding-perpendicular direction.

Evolving fractal dimensions (D) indicate that higher tempera-
tures reduce uniformity of the pore size distribution in the
bedding-parallel direction, but increase uniformity in the bedding-
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perpendicular direction. In the bedding-parallel direction, the ff
values which are over 0.7 tend to be the primary during heating,
while the dominated ff values locatewithin 0.2e0.7 in the bedding-
perpendicular direction, being suitable in all temperature situa-
tions. Besides, the D value presents the ff value alteration when the
S value increase, with a power-like function relationship.

For the bedding parallel sample (horizontal: SH), the specific
entropies (H) remain constant at ~0.925 over the temperature
range 25e500 �C. Bedding perpendicular sample (vertical: SV), the
H values evolve from 0.808 at 25 �C to 0.879 at 500 �C. This in-
dicates that the heating-induced pores follow the initial degree of
pore azimuth disorder (before heating) in the bedding-parallel di-
rection, while stronger disorder is resulted from the pores induced
at higher temperatures for the bedding-perpendicular direction.

A capillary model scaling seepage capacity, as related to the
permeability, K, is developed from the pore-scale attributes
recovered from a fixed SEM window ethe principal parameters
being measured cross-sectional area and the perimeter of individ-
ual pore. Elevated temperatures enhance the seepage capacity
(increase permeability) of this low-maturity oil shale, where
permeability (K) at 500 �C are ~1.83 times (bedding-parallel: SH)
and ~6.08 times (bedding-perpendicular: SV) greater than that at
25 �C. This observed increase in bedding-perpendicular perme-
ability suggests that gravity drainage towards the bedding will be
significantly enhanced allowing the intrinsically larger bedding-
plane permeability to then effectively transport the gravity drain-
ing product. This represents an effective mechanism of perme-
ability enhancement and improved recovery in such materials.
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